Using recent supernova models, I revisit the Supernova 1987a constraints on scalar/pseudoscalar Axion-Like-Particles (ALPs). On the basis of the neutrino detections, the luminosity of ALPs must be 5 × 10 52 erg/s after the corebounce, and this bound limits ALPs couplings. Contrary to the QCD axion models where all couplings are ∼ 1/f a , it has been shown recently that a radion/dilaton could have far different coupling strength to photons and to nucleons. This fact has raised a need to establish the limits on each coupling independently. The bounds from ALPs emission by nucleon-nucleon bremsstrahlung through a two-nucleon coupling and by the Primakoff process through a twophoton coupling are updated considering the total volume emission. I find the bounds on the two-photon coupling from the Primakoff process differ from previous bounds by an order of magnitude. Through the volume emission study, trapping regimes for m a
Introduction
Astrophysical objects provide a powerful natural laboratory in elementary particle physics, and stars are the best sources of weakly interacting particles such as neutrinos, gravitons, radions, and axions. Supernova 1987a (SN1987a) is one of the most important astrophysical sources due to its high density, high temperature, and proximity.
A massive progenitor star eventually goes through core-collapse and supernova explosion (a type II scenario) where the bouncing shock wave ejects the entire overburden of the mantle and the envelope. It radiates its gravitational binding energy in the form of neutrinos within a few seconds. Since the neutrino detection on February in 1987 coming from SN1987a, it has been widely used to constrain exotic light particles because an extra degree of freedom carrying off the energy from the star will affect the cooling time of the star, hence the measured neutrino detection duration. Despite the fact that it was only 25 neutrinos detected by IMB [1] , Kamiokande II [2] and Baksan [3] lasting less than 13 seconds, the neutrino burst observation provides essential constraints on exotic light particles.
Many beyond the Standard Model (BSM) physics scenarios include new light (pseudo-)scalars in their spectra. One example of a BSM pseudoscalar is the QCD axion, a dynamical solution to the strong CP problem [4] [5] [6] . One example of a BSM scalar is the radion which arises from introducing an extra dimension [7] [8] [9] [10] [11] [12] [13] [14] [15] . In many scenarios, their coupling and mass are not independent. The Axion-Like-Particles (ALPs) are generic parametrization of exotic light (pseudo)scalars where one treats its coupling independently of its mass. Throughout this paper, ALPs will denote any (pseudo)scalars which interact with two photons or nucleons.
While the strongest bound from SN1987a is from the nucleon coupling of ALPs due to its high baryon density, this bound is usually directly translated to the two-photon coupling of ALPs. This is because this dimensionful coupling shares the same energy scale f a , as the U (1) P Q breaking scale for the axion for example, and the dimensionless coefficients for each operator are naturally chosen to be O(1). However, it has been shown that this is not the case for a dilaton or a radion [7, 8] . In that case, even though each dilaton/radion operator has a universal scale-invariance-breaking scale, the coupling coefficients are independent of each other depending on the β-function coefficient. Furthermore, each coupling constraint can be alleviated or even avoided with the aid of the other [7] . This fact means that the constraint plots on f a -m a parameter space without carefully stating which operator the constraints are imported from can be misleading and raises a need to establish the limits on each operator independently. As supernovae have both very high baryon density as well as high plasma density, the SN1987a constraints on the coupling to nucleons and on the coupling to photons has to be investigated separately keeping in mind that having one of the couplings in the trapping regime, the essential feature of SN bound, will make the other coupling constraint-free [7] .
The goals of this paper are to update the ALP constraints with a more recent supernova simulation [16] and to discuss limits on the nucleon coupling and the photon coupling individually. It will give readers a detailed review of the well-known SN1987a limits and a guide for how one should read SN1987a limits on the Axion-Like-Particle parameter space.
A brief outline of the paper is as follows. I review ingredients of SN1987a bounds in Section 2, and provide the supernova models I use for this work in Section 3. I calculate the ALP production rate and absorption rate by nucleon-nucleon bremsstrahlung and Primakoff process in Section 4. Special attention is given to what assumptions and corrections are made for uncertainties inevitably present for supernova models. The main result plots are shown in Section 5. I close out by presenting some brief conclusions in Section 6.
Prior Supernova 1987A Limits on ALP
The measurements of the neutrino burst from Supernova 1987a set important constraints on sub-GeV ALPs. An approximate analytic constraint on the energy loss for SN1987a is set by the neutrino burst duration [17] detected by IMB, Kamiokande II and Baksan. From the measured cooling rate, the energy loss rate due to beyond-the-standard-model particles should not exceed the energy loss rate through neutrinos [18] :
given the fact that the neutrino luminosity in all six degrees of freedom without any exotic degree of freedom is compatible with the measurements. This criterion has been considered by many authors to constrain the exotic light particles. The light green region in Fig. 1 shows a constraint on the coupling to photons from SN1987a when other couplings are all neglected [7, 19, 20] . This excluded limit covers an ALP mass near 30 MeV or less, with a coupling to photons suppressed by a scale between 10 3 TeV and 10 6 TeV.
One exceptional feature of the SN1987a bound is that the limit has the upper bound. This is because supernovae are so dense that in the strong coupling regime, the star is so opaque to the radiating exotic particles and traps the particles before they escape. This regime is called the trapping regime, which is free from supernova bounds. This trapping regime is significant in that while ALP mass smaller than 100 keV is highly constrained from other constraints as shown in Fig. 1 , the trapping by nucleons can relieve the SN1987a constraints on the photon coupling or vice versa [7] .
Since there are many aspects of SN1987a that are poorly understood, the free streaming regime has been set roughly by taking the energy loss rate per volume,
to be calculated at the typical core density of around 3 × 10 14 g cm −3 and temperature of around 30 MeV. This gives a good estimated bound in the free streaming regime. In Figure 1 : Limits on ALP coupling and mass parameters space compiled by Jaeckel, Jankowiak and Spannowsky [20] and the references therein. the trapping regime, things are more complicated as the particles will be deposited at different locations and will transfer energy from core to mantle in the same way as radiative transport. For good treatment of trapping regime, one needs a better understanding of the supernovae structure.
SN1987a Models
For this work, I'll impose the two numerical SN models studied in the paper by Fischer et al. [16] . They employ a spherically symmetric core-collapse SN model AGILE-BOLTZTRAN for a precollapse progenitor mass of 18.0 M and 11.2 M , which I'll refer "Fischer18" and "Fischer11" respectively. Along with these models, I also present one of the most popularly used protoneutron star model, S2BH0 in [21] by Janka et al., as a fiducial model to be referred as "Janka." The profile functions of density and temperature 1s after the core bounce are plotted in Fig. 2 .
The three models, Fischer18, Fischer11, and Janka, have different total masses. Respectively they are: 1.43 M , 1.14 M , and 1.53 M . The effective radii are: 33.8 km, 34.6 km, and 15 km. 
ALP Production and Absorption

N-N Bremsstrahlung
The ALPs are produced by nucleon-nucleon bremsstrahlung through the one pion exchange (OPE) process. One of the eight diagrams is shown in Fig. 3 . We will assume that the matter in the core of SN1987a is mostly non-relativistic nucleons, i.e., T 1 GeV. The energy loss rate per unit volume from nucleon-nucleon bremsstrahlung (N N → N N a) and the absorption rate of ALP having energy w in the nucleon medium (N N a → N N ) are given by phase space integrals of the squared amplitudeṡ
where p 1 , p 2 , p 3 , p 4 , and p σ are the nucleon and radion four-momenta with the subscripts 1 and 2 (3 and 4) for the incoming (outgoing) nucleons;
is the Lorentz invariant phase-space volume element; f i are the nucleon phase-space distribution functions.
The estimate for˙ in (4.1) assumes that the mean free path is much larger than the size of the region of high nuclear density. When the mean free path becomes smaller than this size, some of the radions produced in the SN will be absorbed before escaping. We can give an improved estimate of the energy loss rate due to ALPs that takes into account the ALPs absorption by the following formulȧ
where R is the effective radius of the star 1s after the core bounce where the density and temperature becomes negligible compared to the core,˙ (T, ρ) is the energy loss rate per volume (4.1), and λ(T, ρ) is the reduced Rosseland mean free path obtained using (4.2). The profile functions of temperature and mass density for SN1987a are given in Sec. 3
Pseudoscalar Matrix Element
A pseudoscalar interaction with nucleons is parametrized as
where f a is an energy scale (i.e. Peccei-Quinn symmetry breaking scale for axions), C aN with N = n or p is a dimensionless coupling parameter and a factor of one half is conventional for a derivatively coupled interaction form which will be cancelled in equation of motion when we integrate by parts. The squared amplitude of the OPE diagrams for a pseudoscalar (neglecting η meson exchange channels) is found to be [18] :
where k = p 2 − p 4 , l = p 2 − p 3 , and f ≈ 1 is the pion-nucleon dimensionless coupling. The square bracket is O(1) in the SN thermal medium since |k|, |l| ∼ √ 3m N T m π so that we can approximate the matrix element as a constant: 
Scalar Matrix Element
A scalar interaction with nucleons are parametrized as
where f s is an energy scale (i.e. conformal symmetry breaking scale for dilatons), C sN with N = n or p is a dimensionless coupling parameter, and again a factor of one half is conventional. The squared amplitude of the OPE diagrams for scalar neglecting η meson exchange channels is found to be [22, 23] :
, (4.9) and again approximated as a constant: These results indicate that although (4.10) differs from (4.7) by a factor of order unity, one does not need to worry about the difference given that uncertainties of supernova models and OPE approximation are present.
Phase Space Integration
The phase space integration of the ALP energy production and absorption rate, (4.1)-(4.2), for massless limit can be reduced to [18, 24] :
where
is the long-wavelength approximation of the dynamical spin structure function where the momentum transfer to the medium is neglected, Γ σ is the spin fluctuation rate, and dimensionless integral s(x) is approximated as 1 + |x|π/4 within better than 2.2% accuracy. I have also introduced a correction factor ξ to compensate the approximations made in calculations, which will be discussed later. The last conditional dependence on (4.13) implies the quantum-mechanical detailed-balancing property,
For ALP mass comparable to supernova temperature, its mass is no longer neglected and the absorption rate gets a factor 1 − m 2 a /w 2 from the phase volume integration 1 . Defining x ≡ w/T , (4.11) then becomeṡ 15) and the inverse mean free path of ALP having energy w is
where β = 1 − m 2 a w 2 . Assuming local thermal equilibrium for the trapping regime, the absorption in (4.4) at each point inside the star can be given by the reduced Rosseland mean free path,
e w/T − 1 (4.19)
1 Note that the phase space factor for massive ALP is multiplied to the massless limit results (4.11)-(4.12). Although this sounds a naive approximation, I assert this would show an estimated tendency for very massive ALP as the constraints for an ALP mass comparable to the temperature already needs very precise knowledge of the supernova structures which still has many uncertainties. Numerical calculation of phase space integration for a massive ALP has been done in [7] .
is the boson spectral density for one spin degree of freedom.
It has been shown that the rate of soft pseudoscalar emission through bremsstrahlung (N N → N N a) is directly related to the on-shell nucleon-nucleon scattering amplitude which can be extracted from experimentally measured nucleon-nucleon scattering phaseshift data [25] . As such a calculation doesn't need OPE approximation, it has an advantage that it is model-independent. It has been shown that the OPE is an overestimate by about a factor of three compared with the model-independent calculation. Meanwhile, such a model-independent technique does not work for scalar emission (N N → N N s) due to a cancellation of the leading infrared pole term in the sum which renders low energy theorems unable to be constructed [22] . In such a case the coupling of a scalar to unknown strong interaction vertices is no longer subleading, and the model-independent calculation cannot be achieved. However, I'll assume that OPE approximation for scalar emission also overestimates reality by a similar amount and has the same correction factor ξ = 1/3.
Primakoff Process
The two photon coupling of ALPs,
for pseudoscalar, and
for scalar allow the production and absoption channel primarily through Primakoff process [18] shown in Fig. 4 . The transition rate for pseudoscalar is calculated as [18] 22) where the plasma effective mass of the initial state photons and the ALP mass are neglected relative to the energy w, and the forward divergence from the long-range Coulomb interaction is cut off in a plasma by the inverse screening length [26] ,
where i represents various nuclear species, α is the electromagnetic fine-structure constant. I assume the SN core is neutron-rich and n p /n n = 0.1. Given that nuclei in SN core are partially degenerate, the effective number of targets would be reduced. The effective number of targets, n ef f i , varies from 0.2 n i to 0.8 n i [27] in the SN core, but for simplicity I assume n ef f i = n i /2. Under the SN core conditions, electrons are highly degenerate and their phase space is Pauli-blocked, hence give negligible contribution. Thus one can evaluate (4.22) using the effective inverse screening length,
The explicit calculation [28] shows O(1) factor difference between a pseudoscalar and scalar transition rate. As discussed in 4.1, these difference can be neglected.
Phase Space Integration
In the same manner as discussed in 4.1, the massive ALP production is obtained aṡ 25) where two polarizations of initial state photons, a Bose stimulation factor and massive ALP phase volume factor are explicitly included. The inverse mean free path depends both on inverse Primakoff process and two photon decays. The decay rate to two photons is
Comparing with (4.22), Γ decay won't affect the result unless m 3 a ∼ 8πn p or larger, which also saturates m a ∼ 10T or larger. Given mass and kinetic energy, one has
where γ is a Lorentz factor and Γ a→γ = n ef f p (σv) a→γ with σ a→γ = 2 β σ γ→a [29] . The reduced Rosseland mean free path is obtained by plugging (4.27) into (4.18).
Results
The ALP constraints by SN1987a in mass-coupling parameter space is plotted in Fig. 5 and Fig. 6. In Fig. 5 , the excluded range by (2.1) is shown for the ALP coupling to nucleons when ALPs are produced and absorbed through nucleon-nucleon bremsstrahlung when other couplings are all neglected. Stellar cooling limits from HB stars [30] , and terrestrial constraints [31] are also shown in Fig. 5 . The terrestrial constraints from exotic meson decays, i.e. B → Ka and K → πa, are model-dependent and in particular sensitive to a coupling to top 2 . g aN N 0.3 g att is assumed for the terrestrial constraints in Fig. 5 , which is one of the scenarios in [31] . In Fig. 6 , the excluded range by (2.1) is shown for the ALP coupling to photons when ALPs are produced and absorbed through Primakoff process when other couplings are all neglected. In Fig. 7 , I provide the excluded range by (2.1) for the case g aN N = g aγγ (≡ g a ) where ALPs are produced and absorbed through both the nucleon-nucleon bremsstrahlung and the Primakoff process.
While preparing this work, similar work on SN1987a constraints to ALP-nucleon coupling has been done in [32] , and it is worthwhile to compare different parameters and assumptions which cause a little different result. First, while other correction factors stated in [32] are similarly accounted, for the correction for spin structure function, S σ /(S σ | OPE ) denoted as γ h in [32] , they refer the result shown in [33] . However, the temperature and density function used in [33] are not exactly compatible with profiles from Fischer et al. [16] which I and authors of [32] use. In this work, a uniform correction ξ = 1/3 is approximately used as explained in Sec. 4.1. Applying γ h as shown in [32] shifts the bound on g aN N in Fig. 5 down by a factor of unity. Secondly, while the density and temperature in the very inner core, r < 5km, are not provided in [16] , they are assumed to be constant in this work, and interpolation functions [34] are used in [32] . The free streaming limits are affected with this difference; however, it does not comparably amend the trapping limits in that the profiles of the outer core or mantle are more important for trapping limits. Note that a O(1) factor correction on (4.1) and (4.2) results in O(1) correction to the couplings. Together with uncertainties of the supernova structure, we will not worry about a factor of unity for the present discussion.
Conclusions
The constraints on a scalar/pseudoscalar Axion-Like-Particle imposed by a criterion (2.1) from neutrino detections made right after Supernova 1987a are revisited. As shown in [7] , a dilaton/radion may have far different coupling strength to photons and to nucleons, which results in the fact that each limit can be alleviated with the aid of the other. Although there isn't a known natural mechanism to have very different coupling to photons and nucleons (or any fermions) for a pseudoscalar Axion-like-Particle, it is worth looking in detail at the constraints enforced on each interaction independently for a better understanding of the exclusion regions in the ALP parameter space. I have found that broader range of g aN N is excluded by SN1987a relative to g aγγ limits in Fig. 1 where it is assumed g aN N ∼ g aγγ . From the Primakoff process, the excluded range of g aγγ is directly attained, which differs by an order of magnitude compared with Fig. 1 . For an axion-like case in Fig. 7 , i.e. g aN N = g aγγ , I have found the trapping regime for m a 10 MeV is alleviated compared to previous bounds. These new open windows need to be probed by future experiments.
